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Abstract: Plasma assisted surface patterning is becoming a well-established 
technique that introduces both alternating surface texture and chemistry on 
substrates for biomedical applications. This review consists of an overview on 
the developments in this field over the last 15 years. Special attention is given 
to the different kinds of chemistry that can be introduced and their effect on the 
surface-cell interaction, as well as their feasibility for possible applications in 
the field of regenerative medicine. 
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1 Introduction 
The development of biomaterials for tissue engineering and transplant medicine has 
become increasingly important in the field of regenerative medicine. To successfully 
construct advanced bio-artificial tissues and organs, it does not suffice to develop 
materials that are passively being tolerated by cells. The main focus of modern 
biomaterials research is therefore centred around actively controlling the cell behaviour 
via external stimuli [1,2]. To mimic and manipulate the natural intercellular and  
cell-matrix interactions during their different stages (adhesion, proliferation, migration, 
orientation, differentiation and apoptosis) is extremely complex, as it involves up to a  
100 different proteins, growth factors, and ligands. A schematic representation can be 
seen in Figure 1. Recreating a proactive extracellular matrix environment, using a 
biocompatible matrix, requires a well-defined combination of physical-chemical surface 
properties and surface structure [2–4]. 
Figure 1 Adherens junction (AJ) and focal adhesion (FA) as mechanosensors. Calcium-
dependent homophilic interactions between cadherins results in binding of the  
actin cytoskeleton via a-catenin (a), b-catenin (b) and vinculin (Vin) complexes. 
Heterodimeric integrin receptors bind ECM proteins via their extracellular domains, 
while their cytoplasmic domains are associated with a supramolecular plaque 
containing talin (Tal), vinculin (Vin), paxillin (Pax), focal adhesion kinase (FAK), etc. 
The plaque, in turn, is connected to the termini of actin filament bundles (see online 
version for colours) 
Source: Girard et al. [5] 
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1.1 Surface wettability, charge and chemistry 
Wettability and surface free energy are two well-known surface properties that greatly 
influence cell behaviour and in most cases a moderately hydrophilic surface is 
recommended. Using too hydrophilic surfaces hinders a strong cell adhesion as the cell 
adhesion mediating molecules bind relatively weak on such surface. Hydrophobic 
surfaces on the other hand, adsorb these mediating proteins, such as fibronectin or 
collagen, in their denatured and rigid state, significantly hampering the cell adhesion and 
its subsequent processes [1,6–11]. Besides surface free energy, surface chemistry plays 
an equally important role. Surfaces with a similar wettability, but different chemistry,  
can manipulate cells in very different ways. A well-known example is the osteogenic 
differentiation of mesenchymal stem cells (MSC). Seeding MSCs on -COOH rich 
surfaces results in a differentiation towards cartilage, while a –NH2 rich surface 
stimulates the osteogenic phenotype and a –CH3 surface enhances the MSC phenotype as 
such [12–14]. Other studies focusing on neural stem cell differentiation and protein 
adsorption have also stipulated the importance of the surface chemistry and functional 
group density [15–17]. Indirectly linked to the surface chemistry is the effect of charge 
and conductivity of the substrate. Certain functional groups such as primary amines  
and carboxylic acid moieties can become positively/negatively charged when stored in 
solutions, such as culture media, which in turn stimulates the adsorption of certain 
peptides and proteins [7,11,17–20]. 
1.2 Surface structure 
Already in the beginning of the 20th century scientists were experimenting with surface 
structure and its effect on cell properties [22]. Today, partially stimulated by techniques 
originally developed in the semi-conductor industry, the patterning of biomaterials for 
tissue engineering has become a highly relevant research field. Depending on the scale of 
the applied modification, different categories can be distinguished, each with their 
specific purpose [22,23]:  
• 100 µm < macro-roughness 
• 1 µm < micro-roughness <100 µm 
• 100 nm < sub-micro-roughness < 1 µm 
• 5 nm < nano-roughness < 100 nm. 
Macro-roughness is mainly used to increase the surface area of implant materials to 
enhance the mechanical anchorage to bone. With dimensions over 100 µm, the surface 
structural changes are too big to influence cell behaviour as such. Nano-roughness and 
sub-micro-roughness are generally known to stimulate the adhesion, proliferation  
and differentiation of cells compared to completely smooth surfaces [24–27].  
Micro-roughness has a more ambiguous effect, depending on the cell type, size,  
surface texture and surface topography [28]. Most cells studied for tissue engineering 
applications have a diameter between 10 µm and 50 µm when stored in suspension.  
Upon adhesion on a surface, they can cover up several 100 or even 1000’s µm². 
Therefore they are inherently influenced by surface texture (ridges, grooves, steps,  
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pillars and pits) and symmetry (orthogonal vs. hexagonal packing of pits) with similar 
dimensions [29]. 
1.3 Surface patterning strategies 
Many different techniques are used today to generate µm and nm dimension surface 
textures. Some of these techniques solely introduce a physical pattern, while others 
combine it with an alternating chemistry as well. Many of these techniques can be 
combined with non-thermal plasma technology, forming the field of plasma lithography. 
It is a category of processing methods that combines both chemical and structural 
patterning. In this paragraph those strategies will be discussed that have already been 
combined with non-thermal plasma technology in the past. Some excellent reviews have 
already been written specifically on this subject and this paragraph is mainly based on 
these sources [1,4,13,28,30–33]. 
Plasma patterning strategies involving stencils/masks are the most straightforward 
and easy to use. An initial coating is applied to the entire substrate surface, either via 
plasma polymerisation, spin coating or other techniques. After that, a stencil with the 
wanted pattern is placed on top of the initial coating and a second plasma polymerised 
coating is applied. In the final step the stencil is removed and the patterned surface can be 
used as such. If the substrate already exhibits the wanted surface chemistry, then the 
initial coating step can be skipped. The resolution of the pattern mainly depends on  
the quality of the mask and is usually limited to the µm range [34–36]. 
Plasma assisted photolithography is also a stencil-based technique where geometric 
features drawn on a mask are transferred onto the substrate via UV-illumination. The first 
step in this two-step process consists of the deposition of a photoresist via spin coating  
(see Figure 2). After covering the photoresist with the mask of choice, the photoresist is 
exposed to UV-illumination for a positive photoresist and the exposed parts will dissolve. 
For a negative photoresist, a cross-linking reaction will occur, generating the ‘negative’ 
of the mask. After this step, either a plasma activation/etching step can be applied or a 
plasma coating can be deposited, depending on the wanted chemistry. In the final step, 
the lift-off, the mask is removed and the patterned surface can be used. The generated 
patterns can be as small as 1 µm2. If even smaller patterns are required, other techniques 
such as colloidal lithography are recommended. 
Plasma assisted colloidal lithography uses the ability of nanoparticles to  
self-organise in clusters on a surface [36]. These clusters can then be used as a mask for 
lithography. These metal or polymer particles are typically distributed over the surface 
via spin-coating. Depending on the spin parameters and the functionalities of the spheres, 
different patterns can be generated in the nm-range and this over relatively large areas 
(cm2), making them ideal for biomedical applications. The fabrication process, as shown 
in Figure 3, goes as follows: after the deposition of an initial plasma polymerised thin 
film, similar to the photolithography process, the particles are deposited. This step is 
followed by a plasma etching step to generate the physical pattern, after which a second 
plasma polymerised thin film is then deposited. Finally, the sample is submersed in an 
ultrasonic bath to remove the nanoparticles of the surface, resulting in the exposure of the 
pattern. 
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Figure 2 The photolithography process: 1. A spin-coated photoresist (PR) is locally exposed with 
UV light through a mask; 2. PR development to provide local access to the underlying 
substrate. One of two routes is generally followed from that stage. Route a: Deposition 
(3a) of a thin layer of either metal or bioactive molecules (peptides, proteins, polymers) 
and lift-off in an organic solvent (4a). Alternative route 3b: utilising the patterned PR 
layer as a mask for local dry etching of the metal (oxide) layer (which was deposited 
prior to PR spin coating) down into the underlying substrate and 4b lift-off the  
residual PR (see online version for colours) 
Source: Falconnet et al. [30] 
Figure 3 Schematic illustration of colloidal lithography combined with plasma-polymer 
patterning 
Source: Singh et al. [37] 
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1.4 Plasma technology 
The term ‘plasma’, also referred to as the fourth state of matter, was introduced in 1929 
by Langmuir [38]. Plasma is a partially ionised gas and consists of a mixture of electrons, 
ions, radicals and neutrals (atoms and molecules). Some of these particles can occur in 
their excited states and upon return to their ground state cause photoemission. This results 
in a luminescence that is characteristic for plasma [39]. Plasma are typically generated 
using DC, RF, MW or hot filament sources, of which a description can be found 
elsewhere [40]. Often plasma are classified as cold/non-thermal/non-equilibrium and 
hot/thermal/equilibrium plasma. Plasmas in thermal equilibrium have the same 
temperature for all their active species, with a range lying between 4000 K and 20,000 K 
[41]. Plasmas in thermal inequilibrium have electron temperatures that are several orders 
higher compared to the ‘heavy’ species. This results in an overall gas temperature of only 
a few 100 K. For the treatment of biomaterials with delicate surface textures, the use of 
cold plasma is recommended, as a hot plasma operating at several 1000 K will inevitably 
destroy the surface, if not the complete substrate [42]. Therefore this entire overview will 
be limited to non-thermal plasma technology. 
Non-thermal plasma technology for the modification of biomaterials can then further 
be subdivided into two categories depending on their interactions at the plasma-surface 
interface: plasma activation + plasma etching and plasma polymerisation/grafting. 
1.4.1 Plasma treatment and etching 
Inert gases such as He, Ar, and N2 are the most commonly used gases to sustain  
a non-thermal plasma. Upon entering the applied electrical field, the inert gas is 
converted into a mixture of reactive species, as mentioned earlier. When these species 
interact with the surface, cross-linking can occur and chemical functionalities and/or free 
radicals are being built-in in the (sub) surface layers of the substrate. After exposure to 
ambient air, these formed free radicals can react with oxygen, resulting in the formation 
of additional oxygen-containing chemical functionalities . Plasma treatment as such is 
mainly used for changing the wettability/surface energy of a material and to covalently 
bind other (macro)molecules with the desired properties [43]. One of the biggest 
disadvantages of plasma activation is the instability of the treatment over time. During 
storage, the polymer will try to lower the introduced surface energy by reorienting its 
plasma treated polymer chains into the bulk of the surface. This dynamic process has 
been extensively studied and by applying the right storage conditions (low temperatures/ 
vacuum environment) the plasma treatment effect can be preserved for a relatively longer 
time [44–49]. 
Simultaneously with plasma activation, also plasma etching will occur at the plasma-
substrate interface. The ionised heavy particles can bombard the exposed surface and low 
molecular weight material can be formed and removed [50–52]. Together with the 
plasma treatment this will result in a continuous process of functional group 
implementation and their removal alongside the generation of nano-roughness. The 
parallel occurrence of these two phenomena therefore prevents the ‘unlimited’ 
incorporation of functional groups. After a period of increasing functional group density, 
a dynamic equilibrium will be reached between the two processes or the etching process 
might even reduce the plasma treatment efficiency, depending on the substrate used [53]. 
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It is a well-studied fact that plasma treated surfaces have a benign effect on the 
adhesion, proliferation and differentiation of certain cell-types [10,17,39,53]. But as  
the introduced chemistry is rather limited, plasma treatment as such is confined in its 
potential as a biomaterial surface modification technique. 
1.4.2 Plasma grafting 
Plasma grafting is a technique similar to other radical grafting polymerisation strategies 
used in chemistry (UV, ATRP, RAFT…) and consists of a two-step process. In a first 
step, the substrate is exposed to a plasma treatment (see previous paragraph). Secondly, 
after the plasma is turned off, a gaseous monomer is sent over the substrate [54].  
The radicals sites formed on the substrate surface during the plasma treatment are used as 
initiation sites for a radical polymerisation of relatively low molecular weight polymer 
chains. The big advantage of this technique lies in the fact that it is a solvent-free 
polymerisation reaction with an excellent functional group retention. These newly 
introduced groups can then be used in any number of consecutive reaction pathways.  
As it is a radical polymerisation, the technique is limited to monomers that can be 
radically initiated as such. 
1.4.3 Plasma polymerisation 
The main difference between plasma grafting and plasma polymerisation is the exposure 
of the precursors to the plasma during polymerisation. Owing to this exposure the 
monomer will either be radicalised, ionised, partially fragmented or completely broken 
down to the atomic level, depending on the applied plasma conditions. This initiation step 
is then followed by poly-recombination of these fragments into randomly structured and 
cross-linked thin films [55,56]. The use of the term ‘plasma polymerisation’ is therefore 
rather misleading, as the structure of the deposited film is highly branched and the 
repetitive monomer structure is no longer present [57]. Moreover, precursors can be used 
for the deposition of thin films that cannot be polymerised using other conventional 
polymerisation techniques. The reaction mechanisms behind the plasma polymerisation 
process have been a source of discussion among the leading scientists in the field for the 
last 50 years and many different models have been proposed. In 2011, Friedrich [58] 
wrote an excellent review on the subject, collecting and comparing the most popular 
models. 
The primary goal for biomedical applications is to deposit stable thin films with good 
functional group retention. To do so, the right set of plasma parameters has to be selected. 
Neiswender and Blaustein [59] were the first to introduce an energy related dose factor 
that allowed for a better comparing between different plasma conditions. Yasuda adopted 
and improved this model to what is known today as the Yasuda factor [60,61]. 
/YF W MFα= Φ =  (1) 
where, 
W: the discharge power in J/s 
F: the monomer flow rate in mol/s 
M: the molecular weight of the precursor in kg/mol. 
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The Yasuda factor itself is a combination of the reactor geometry (Į) and the normalised 
binding energy of the monomer (ĭ) [62]. On the basis of this model four different 
regimes can be distinguished, which are all depicted in Figure 4: the first, the energy 
deficient regime, is characterised by low W/MF values and is limited in its deposition 
speed by the discharge power. Increasing the power or lowering the monomer flow rate, 
results in a higher concentration of activated species, leading to higher deposition rates. 
From a chemical point of view, this regime is characterised by low fragmentation rates, 
high functional group retention, low amount of cross-linking and a significant formation 
of oligomers. These deposited films are often unstable when stored in aqueous media, 
resulting in dissolution/delamination. On top of that, the coatings suffer from leaching of 
low molecular weight species, making them less suitable for biomedical applications. 
Upon further increasing the discharge power or lowering the monomer flow rate, a 
critical (W/MF)c value is reached, marking the start of the second region, the competition 
region. Changes to the Yasuda parameter will not cause a change in deposition rate in this 
zone. increasing the Yasuda parameter further leads to the third region, the monomer 
deficient regime. After this point, an increase in discharge power or a decrease in 
monomer flow rate no longer results in a higher amount of polymer forming species and 
the deposition rate remains constant or even decreases. Most biomedical applications are 
found in this regime, as they combine stable coatings with a sufficient surface functional 
group density. The fourth and final region, the atomic deposition regime, is reached at 
very high discharge powers or extremely low monomer flow rates. Introducing a high 
enough amount of energy per monomer unit will result in the extensive fragmentation of 
the monomer molecules, often down to the single atom state. In a series of first-order 
processes, these fragments will rearrange, reactivate and fragment again, resulting in low 
deposition rates. The deposited thin film will therefore have a monomer composition and 
structure that is barely recognisable [57,58,63,64]. In terms of biomedical applications, 
the atomic deposition regime is of less interest. Most of the surface functionality is lost 
and coatings will have non- or poor-adhering properties, similar to PEO/PEG coatings or 
allylic polymers [65–68]. 
Figure 4 The different domains of plasma polymer deposition as a function of the Yasuda 
parameter (see online version for colours) 
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2 Plasma-assisted lithography 
2.1 Alternating cell-adhesive and cell-repulsive microstructures 
Most of the plasma-assisted chemically patterned surfaces for cell studies are based on 
alternating non-fouling and cell-adhesive domains. The number of polymers exhibiting 
efficient non-fouling properties is limited and three major groups can be distinguished.  
The first, most popular group, is the PEO/PEG (polyethylene oxide/polyethylene glycol) 
family. The variety of easily accessible and relatively cheap low molecular weight 
monomers combined with a simple chemical structure make them ideal for plasma 
polymerisation and surface analysis. A good control of the plasma parameters is  
essential, as a (partial) loss of the PEO repeating unit drastically lowers the non-fouling 
behaviour of the coating [69]. The second group of monomers is the fluorocarbon family. 
Fluorine-containing polymers are generally known to exhibit low-fouling behaviour and 
are not only used in biomedical applications, but can also be found in other industries and 
consumer products such as non-adhesive cooking utensils [70,71]. The two main 
disadvantages of fluorine-rich polymers are the toxicity of the monomers and the  
low-adhesive behaviour of their surface towards other polymer films, even after plasma 
treatment. The third group is the hydrocarbon family, which exhibits low-fouling 
behaviour. In combination with a good cell-selective pattern, these coatings will work, 
but most likely not for all cell-lines. The plasma polymers defining the cell-adhesive 
domains can be fabricated using a broad variety of precursors, introducing functional 
groups such as NH2, COOH, SH, COOR… In what follows, an overview will be given on 
plasma assisted patterning according to the chemistry of the cell-adhesive domains. 
Indirectly this also gives an overview according to what types of cells are being studied. 
2.2 Amine-rich geometric domains 
Surfaces protruding (primary) amines are well-sought after, as they efficiently bind with 
peptides (RGD) and proteins (lamilin, fibronectin, vitronectin…), thus greatly stimulating 
the cell-surface interactions [6,42,72,73]. This good selectivity towards macromolecules 
makes them ideal for surface patterning. Brétagnol et al. [74] used photolithography to 
deposit alternating 70 µm stripes of plasma polymerised (pp) PEO and allylamine. 
Seeding of L929 mouse fibroblasts showed a selective adhesion on the pp-allylamine 
domains. Thissen et al. [75] used to same process, albeit on a larger scale, to selectively 
bind Collagen I. Seeding of bovine corneal epithelial tissue showed excellent 2D control 
up to 21 days. Paik et al. [76] used a similar strategy, depositing pp-allylamine on a 
PDMS background, using a microstencils of different geometric shapes. An airbrushing 
technique was used to deposit fibronectin, which adhered selectively on the amine-rich 
domains. Six different cell types, including stem cells, fibroblasts and cardiomyocytes, 
were seeded onto the patterned surfaces with an excellent selectivity towards the  
N-containing domains, as shown in Figure 5. The pattern deposited on the flexible 
surfaces remained faithful even after elastic deformation, as evidenced in Figure 5.  
Singh et al. [37] used the same chemistry with binary colloidal printing as a masking 
method, generating egg-carton like patterns. A selective BSA adsorption was found for 
the coated regions. Several other authors used the same plasma polymers, but different 
masking techniques or pattern sizes as proof of concept, excluding any in-vitro testing 
[77–80]. 
      
      
      
   704 P. Cools et al.    
      
      
      
      
Figure 5 Micropatterning of complex designs. Micrographs showing (A) micro-stencils  
with complex pattern features. B: The corresponding eGFP labelled NIH-3T3 cell 
micropatterns on PDMS membranes. C: The entire surface cell micropattern. Images 
were taken 1 h post-patterning. D: PDMS sheets can be manually rolled to form tubes. 
E: Tubes remain patterned and cells remain viable. Image of tube was taken 2 h post-
patterning and an extra 2 h post-rolling (see online version for colours) 
Source: Paik et al. [76] 
Albeit being the most used precursor, allylamine is certainly not the only monomer 
available to deposit N-rich surfaces. Muir et al. [81] used a pp-heptylamine as a base 
layer and covered it with a pp-PEG coating. Scanning probe nanolithography was then 
used to selectively ‘plough’ patterns of 300 nm wide, exposing the underlying  
pp-heptylamine layer. The selective immobilisation of fluorescently labelled igG proteins 
on the amine regions proved the viability of the technique for biomedical applications. 
Dai et al. [82] deposited a pp-n-hexane coating on mica plates. Using a solid mask, the 
pp-layer was exposed to an H2O plasma, introducing oxygen functionalities and creating 
a nm depth profile. Pyrrole was then plasma polymerised onto the activated layers, thus 
generating tracks of conductive polymers. These patterned polymers have the right 
properties to be used as flexible biosensors. 
Several authors combined a plasma treatment with the adsorption of polylysine 
(PLL), a homopolymer normally synthesised by bacteria via fermentation [83–85]. 
PpPEO or ppCF4 were used as non-fouling backgrounds and a stencil technique was used 
to generate the patterns. In all cases the one month stable samples were tested for the  
micropatterning of neural stem cells. The neuron cells respected the artificially created 
boundaries. Both cell spreading and differentiation were studied as a function of cell 
density and the addition of fibronectin was tested (see Figure 6). These micro-labs are 
able to help understanding what mechanisms can lead to random and guided neuron 
outgrowth and possible applications lie in high-throughput drug and toxicology 
screening. 
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Figure 6 (coloured) while close islands (b) and islands connected by lines (c) are used for 
monitoring short migrations and outgrowth projections. ToF-SIMS mapping showed 
good chemical contrast between PLL positive areas (d, f) recognised by C–N,  
and PEO-like positive background (e.g.) ascribed to C3–H3–O (see online version  
for colours) 
Source: Ruiz et al. [84] 
2.3 COOH-rich geometric domains 
After (primary) amines, COOH-rich surfaces are the most sought after groups to 
incorporate onto a biomaterial’s surface. Amongst other beneficial properties,  
they effectively induce stem cell differentiation and readily interact with different 
macromolecules (collagen, heparin, insulin, fibronectin…) [13,86–88]. As the interfacial 
chemistry for COOH is complementary to amines, they are often used when NH2-rich 
surfaces are not triggering the desired cell-response. 
Brétagnol et al. [89] and Sardella et al. [36] applied the same strategy as before, 
depositing alternating layers (70 µm) of ppPEO and ppPolyacrylic acid (ppPAcAc).  
Nanometre patterns with a higher resolution (100–500 nm) were obtained through a 
combination of plasma polymerisation and colloidal lithography [36,89]. L929 mouse 
fibroblasts were seeded onto the micropatterned surfaces and results showed that the cells 
were again restrained within the COOH-rich domains. The nanopatterned surfaces were 
used to immobilise BSA and well defined zones with diameters down to 100 nm were 
obtained. Favia et al. [90] used the exact same strategy to test the growth of the migration 
behaviour of keratinocytes and 3T3 fibroblasts as a function of the pattern width.  
Narrow patterns (50 µm) guided the fibroblasts to grow along the pattern, while wider 
patterns (two or more fibroblast cells wide) resulted in a random growth pattern. These 
results have important implications for guided cell tissue engineering. 
Ploux et al. [91] combined photolithography and plasma polymerisation to deposit 
1.6 µm wide pp maleic anhydride patterns on silicon wafers. After deposition, the 
samples were exposed to a UV-sterilisation process. Antibacterial (E. Coli) tests and 
osteoblast cell (HOP) tests were conducted in parallel and the combination of the altered 
texture and the UV treatment resulted in a lower adhesion efficiency of the E. Coli.
The osteoblasts ignored the pattern and a good adhesion and spreading was found, similar 
to completely coated samples. These results show that there are effective alternatives to 
the traditional antibacterial coatings containing silver or cupper particles. 
Barbier et al. [92] deposited 200 µm lines of ppPAcAc onto PDMS, using a masking 
technique similar to what is described in earlier paragraphs. These patterned surfaces 
were then successfully implemented into a microfluidic device to transport direct and 
double emulsions, which was first tried for PDMS samples and is shown in Figure 7. 
Sciarratta et al. [93] used the same strategy to generate 200 µm hexagonal domains of 
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ppPAcAc with a plasma deposited coating of CHF3 as a background. Different tumour 
cells (HEK-293, RINm5f, KYM-1) were seeded onto the patterned surface in different 
culture media. Results showed an effective selection of the RINm5f tumour cells. Further 
analysis revealed that the adsorption of Ca2+ played a critical role in the selection and  
that only cell-lines, such as the RINm5f tumour cells, which express Ca2+ dependant 
membrane proteins are susceptible to the applied pattern. 
Figure 7 Single O/W (a) and double W/O/W (b–e) emulsions made in a polydimethylsiloxane 
(PDMS) microsystem; Droplets are produced at T-junctions where both continuous and 
dispersed phases meet. The cross section of microchannels is 200 × 50 µm2. Fluids are 
driven by syringe pumps with flow rates varying from 0.1 to 20 µL/min. Observations 
are made using fluorescence video microscopy (water phases are labelled with 
fluorescein). For single O/W emulsions (a) tetradecane was used as dispersed phase  
and water with sodium dodecyl sulphate (SDS, 0.4%) as continuous phase. The whole 
microsystem is coated with PPAA. For O/W/O double emulsions (b–e), primary 
droplets of water in tetradecane (+SPAN 80, 0.75%) are produced at a first T-junction 
(uncoated, hydrophobic) and are then encapsulated with water and Tween (2%) at a 
second T-junction (coated with PPAA, hydrophilic). The hydrophobic/hydrophilic 
patterning was achieved by masking the area of the first T-junction with a glass slide 
according to the dotted line on picture (b) 
Source: Barbier et al. [92] 
Finally Filova et al. [94] did an extensive study on the cell response of four different cell  
types (rat smooth muscle cells, human and porcine skeletal muscle cells and bovine 
endothelial cells) to patterns generated via the plasma polymerisation of ppAcAc and  
1,7-octadiene. A TEM grid was used to generate tracks of approximately 100 µm.  
The non-fouling efficiency of the 1,7-octadiene is considerably lower compared to PEO 
or fluorine containing layers and in some cases the selectivity of the cells dropped as low 
as 55%, with an average selectivity around 85%. Further analyses revealed though that 
there were significant differences between the cells adhered on either pattern. ELISA 
tests and immunostaining showed that for all cell-types there was a much better cell 
morphology and different cell parameters (Į-actin and Į-ȕ actin levels, Weibel-Palade 
bodies…) indicated a much better maturation of the seeded cells. These results show the 
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influence that surface chemistry can indirectly have on the different cell processes and 
opens doors for actual 3D tissue engineering. 
2.4 Other surface chemistries 
Although amine- and carboxylic acid-rich surfaces are the most studied interfaces with 
respect to cell adhesion, proliferation and maturation, they are definitely not the only 
functional groups available and other types of surface chemistry do have an important 
role in the regenerative medicine. 
Cheng et al. [95] combined the plasma grafting of PEG with a Ar plasma 
etching/treatment for several different patterns, having roughly the surface area of a 
single MSC. By changing the pattern they were able to alter the cell-shape and spreading 
area, allowing them to study the effects of pattern geometry and size on MSC cells while 
eliminating cell-cell interactions. Examples of these patterns can be found in Figure 8. 
This study was inspired by the work of Goessl et al. [96] who used this strategy to 
fabricate such patterns consisting of PEG and fluorine rich areas. Although fluorine rich 
surfaces are generally considered as non-fouling, they do bind cells, but without the 
adsorption of proteins. Good cell adhesion and growth is only achieved if the growth 
condition (serum etc.) are optimal. Cells respected the predefined areas, nuclei shapes 
were altered according to the pattern shape and a higher concentration of Į-actin was 
found near the edges, which differs from cells seeded on uniform surfaces. The study of 
cells, excluding protein-cell and cell-cell interactions could help resolve the unknowns in 
cell growth and maturation processes for different cell types. 
Figure 8 Fluorescence photographs of single hMSCs obtained after 24-h incubation in serum 
medium on dish surfaces patterned with a PDMS membrane mask followed by actin 
and nucleus staining: (a) cells of same shape and spreading area equal to 2000, 5000, 
and 10000 µm2 and (b) cells of spreading area equal to 2000 µm² and different window 
shapes with a standard index = 1.0, 0.5, 0.25, and 0.1 (see online version for colours) 
Source: Cheng et al. [95] 
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Marchesan et al. [97] used photolithography to fabricate 50 µm deep microwells that 
were plasma polymerised with 1-bromopropane exclusively inside the wells. This 
patterned bromide layer was then activated to covalently bind amines and acid groups, 
which were then used to immobilise either enzymes or peptide promoters. L929 cells 
were seeded and results showed a preferential growth within the microwells. This 
technique could be implemented into microfluidic devices to simultaneously test for a 
variety of analytes. 
Girard-Lauriault et al. [98] fabricated a N-rich surface using a plasma discharge of N2
and ethylene on a variety of polymeric substrates, while a polyimide mask was used to 
deposit the patterns. Chondrocyte and U937 macrophage seeding revealed that a 
minimum of 25% nitrogen incorporation was required to have a good cell adhesion. 
Muguruma et al. [99] deposited pp Acetonitrile onto a HDMS background using a 
100 µm grid. In-vitro work, using endothelial and hepatic stellate cells, showed an 
excellent adhesion and alignment for the first cell type, but for the latter cell-line,  
a minimum pattern height of 20 nm was necessary to prevent cells from growing over the 
predefined borders (see Figure 9). These results show the importance of testing a surface 
with the appropriate cell-line. 
Figure 9 Optical microscopic images of HSCs seeded on plasma polymerised thin films 
patterned surfaces. (a) Positive control (uniform coating of cell-adherent surface).  
(b) Negative control (cell-repellent ridge/ glass groove. 100/100 mm, height. 10 nm,  
see Figure 2(a)). (c) Cell-repellent ridge/ cell-adherent groove. 100/100 mm, height. 
10 nm, see Figure 2(a). (d) Cell-repellent ridge/cell-adherent groove. 100/100 mm, 
height. 20 nm, see Figure 2(b). (e) Cell-adherent ridge/cell-repellent groove. 
100/100 mm, height. 20 nm, see Figure 2(b). The ridge/groove width due to the original 
mask is 100/100 mm. Scale bar represents 100 mm (see online version for colours) 
Source: Muguruma et al. [99] 
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The pattern strategy used by Malkov et al. [79] has been described already in the NH2
section. Next to allylamine, hexylamine and acrylic acid the research group also  
tested less conventional precursors such as hydroxy-ethyl methacrylate, N-vinyl-2-
pyrrolidinone and N-vinyl formamide to form patterns on the fluorine-rich background. 
The introduction of other functionalities such as esters, amides and heterocyclic groups 
opens up opportunities for new series of labs on a chip. No cell-work was conducted in 
this work and no follow-up studies could be found testing their concept in vitro or  
in-vivo. 
3 Conclusion 
This review paper gives an overview of the developments in plasma assisted  
lithography in the last 15 years. Well-established surface texturing techniques such as 
photolithography, colloidal lithography and the use of stencils have been successfully 
combined with non-thermal plasma grafting and polymerisation. The combination of 
these two fields has led to the introduction of fast and clean patterning strategies 
implementing both topographical and chemical alterations. Most of the research is 
focused on alternating non- or low-fouling plasma coatings with plasma polymers that 
have a high receptivity towards cells. Different research groups were able to fabricate  
so-called labs on a chip, allowing for the fast study of single-cells, successfully 
eliminating cell-cell interactions. This gave valid information to further unravel the  
cell-interface interactions. Others deposited conductive patterns, showing valid 
alternatives for today’s flexible electric circuits. To this day, the applied plasma 
chemistry is almost exclusively limited to amine and carboxylic acid rich surfaces  
and a lot of advances can still be made exploring other functional groups such as thiols, 
oxazolines, imides, imines, phosphoric groups… Furthermore, the combination of 
different cell-interactive layers has not been studied, which could help progress the field 
of tissue engineering. When it comes to cells, many different cell types/lines were tested 
and the same conclusions can be drawn compared to non-patterned surfaces: each cell 
line responds differently to a certain surface. Therefore, when developing a new 
application, the tissue environment should always be kept in mind. This said, some 
differences were found for cells seeded on patterned surfaces. Cells were guided more 
easily, nuclei could change shape (depending on the pattern geometry) and certain factors 
(such as Į-actin levels) could significantly differ both in concentration and distribution. 
With respect to stem cell differentiation, plasma assisted patterning can play an important 
role in the high throughput scanning of the response to different surface chemistries and 
topographies, which could tremendously help stem cell research. Overall it can be said 
that plasma assisted patterning has proven its merits but its potential has only been 
touched and should be further explored in depth. 
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